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Recent progress in tuneable solid-state light sources opens new opportunities in a niche and high
added value lighting applications. The standard colorimetric technique of composing an identical
colour coordinate metameric light spectra are facing the challenges due to the colour discrepancy
noticed by the observers. A side-by-side colour matching experiment was performed with two
tuneable tetrachromatic RAGB lamps (638 nm red, 598 nm pc amber, 518 nm green, 451 nm
blue LEDs) to compare the colour of the metameres in a 10-deg viewing angle. The metameric
light matching was investigated using a 2-deg (CIE 1931) and 10-deg (CIE 1964) XYZ colour
matching function. Both colour matching functions of standard colorimetric observers were shown
to be inaccurate for aligning of metameric spectral power distributions without a noticeable differ-
ence in a perceived colour. On the other hand, a wide scatter of individual results revealed that
the standard colour matching functions are inherently limited and in some cases, especially in
professional lighting applications, the individually adjustable metameric lighting approach is to be

considered.
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INTRODUCTION

Recent progress of solid-state lighting (SSL) technology
based on light-emitting diodes (LEDs) opens new opportu-
nities in energy saving, sustainability and increased added
value by implementing smart, multifunctional lighting (Al-
meida et al., 2014). The phenomenon of the light having
different spectral power distributions (SPDs) to be per-
ceived as the same colour is called metamerism and can be
employed to advantage as easy as never before. Novel tune-
able SPD light sources have been shown to be applicable
for illumination of artwork (Tuzikas et al., 2014), retail
scenes (Barati et al., 2015) and for controlling of human cir-
cadian (Gall, 2002; Lang, 2011) rhythms as well as other
niche needs. On the other hand, metameric light sources
may influence the perceived colours of illuminated objects;
therefore, colour quality of metameres should be taken into
account. Recently, several new colour rendition metrics,
based on the product of illumination and reflectance spectra
have been introduced (Anonymous, 1995; Rea and
Freyssinier-Nova, 2008; Zukauskas et al., 2009; Davis and
Ohno, 2010) and continuously enhanced (David et al.,
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2015) in order to quantify the colour rendition ability of the
artificial light-sources.

The principle of colour perception relies on a human’s chro-
matic response inside the fovea and brain perception. In or-
der to quantify the colour perception, the simple colour
model called Standard Colorimetric Observer was intro-
duced by Commission Internationale de 1'Eclairage (CIE) in
1931 (Anonymous, 2006) for the 2-deg field of view, up-
dated in 1964 (Anonymous, 2007) for the 10-deg and later
attempts, in order to make this model as accurate as possible
(Hu et al., 2005; Anonymous, 2006). It is considered that
95% of humans’ colour vision (with exclusion of col-
our-blindness) is accurately represented by this model
(Wyszecki and Styles, 1982), but still there are numbers of
visual characteristics not included in this simplification.
Age, gender, fatigue, colour-blindness, diseases, chromatic
adaptation, background colour, surface luminance etc. can
be significant factors for deviation from the Standard
Colorimetric Observer model. For example, it was found
that individuals exhibit an observer metamerism with differ-
ent Colour Matching Functions (CMFs) which is important
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even for industrial applications and assessment of colour
rendering (Sarkar et al., 2010). Despite the already known
discrepancy of the CIE1931 2-deg XYZ CMFs (Wyszecki
and Styles, 1982), most lighting professionals and scientists
employ 2-deg CMFs and related photometric, colorimetric
methods. Regardless of new 2-deg and 10-deg CMFs intro-
duced in 2006 (Anonymous, 2006), the old ones are widely
used. Furthermore, a similar situation occurs with the defi-
nition of undistinguishing colour differences (ellipses)
(MacAdam, 1942; Brown, 1957; Wyszecki and Fielder,
1971), as the earlier introduced and highly criticised Mac-
Adam ellipses (MacAdam, 1942) are currently the most
widely used. Earlier experiments with metameric light
sources have shown that those sources are perceived as mis-
matched colours (Houser and Hu, 2004; Vidovszky-Nemeth
and Schanda, 2012; Royer and Houser, 2012) and 2-deg or
10-deg CMFs (Anonymous, 2007) were addressed to be re-
sponsible for the perceived significant colour differences.
The lack of sufficiently accurate CMFs for practical appli-
cations slightly discredits the metameric light sources ap-
proach of the modern multifunction tuneable SPD lighting.

In the current study we aimed to experimentally demon-
strate the discrepancy of CIE 1932 2-deg and CIE 1964 10-
deg photometry for the modern narrow band solid-state
metameric light source (Zukauskas et al., 2012), using 10-
deg field of view side-by-side metameric colour matching.

MATERIALS AND METHODS

In order to clarify the subjective colour match perception of
metameric light sources, two psychophysical experiments of
side-by-side comparison and colour matching were carried
out. The experimental booth was made from black matted
PVC board with 10 cm x 10 cm interior dimensions for vi-
sual area (Fig. 1) and illuminated at 300 Ix. The view field
was divided into two halves using the same black material.
A round Spectralon® 32 mm white target was mounted in
the centre and illuminated by two independently adjustable
lamps. The observation distance was maintained at approx.

Fig. 1. View field of the experimental setup. 10 x 10 cm box separated
with black sheet in the middle. Top mounted independently adjustable
tetrachromatic lamps illuminate the same object.
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18 cm in order to obey 10-deg viewing angle conditions.
Such a viewing angle was selected in order to represent a
more realistic situation when subjects perceive the informa-
tion from a broader angle. The head or eye movement of the
subjects was not limited in any direction and the experiment
was performed in a totally dark room with no external light
except experimental ones. Tetrachromatic RAGB (638 nm
red, 598 nm pc amber, 518 nm green, 451 nm blue) LED
clusters were used with adjustable Correlated Colour Tem-
perature (CCT) and AGB-RGB weight parameter ¢ (sigma)
(Zukauskas et al., 2012). The SPDs of the light sources at
3000 K and different ¢ values are depicted in Figure 2,
while CCT was calculated and colour coordinates selected
using CIE 1964 10-deg CMFs. The calibration of the LED
light sources was performed with an Illumia Pro® system
and on-site illumination was double checked with an
Avantes AvaSpec-ULS2048x64TEC spectrometer. A soft-
ware for the experimental procedure and data acquisition
was developed for the Windows® operating system with
the USB game pad as a user interface and control unit. Sub-
jects were asked to press ergonomically positioned arrows
(“left”, “right”, “up” and “down”) and “OK” in order to
change the illumination parameters and to confirm the best
colour match selection, respectively.

The first experiment was carried out to match the perceived
colour of two lamps having the same CCT (3000 K) e.g.,
colour coordinates (0.4860; 0.4106) according to CIE 1931
10-deg observer CMF, but with different spectral weight pa-
rameters ¢. One lamp was fixed at ¢ values 0, 0.5 or 1,
while another had a randomly selected value of sigma from
0 to 1 in step of 0.1. The subjects were allowed to tune the
second lamp along the isotemperature line of 3000 K only,
and the corresponding shift from Planckian locus D
(Wyszecki and Stiles, 1982) was recorded (red vertical line
in Fig. 3). Two verbally instructed subjects (male — 28
years and female — 21 years) with a normal colour vision
participated in this experiment. In order to assess and com-
pensate the biases of the spectral sensitivity difference of
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Fig. 2. Spectral power distributions of the metameric RAGB sources
aligned at 3000 K colour point accordingly to the 10-deg CMFs.
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Fig. 3. Experimental lamp adjustment diagram with ability to control Dyy
and CCT independently.

the eyes, adjustable cabinet position and SPD calibration,
the experiments were performed with single eye vision
(right and left separately while the other was closed with an
eye-patch) and repeated with lamps swapped. By changing
the experimented and closed eye, the eye bias was identified
to D, = 0.0002 and D, = -0.001 for subjects No 1. and
No. 2, respectively, and were subtracted from the experi-
mental results. In particular, the left eye of participant No 1
needed a greater greenish component while the left eye of
No 2 needed a more purplish spectral component. The ori-
gin of the eye bias probably could be addressed to anatomi-
cal difference of the eyes. Adjustable cabinet position bias
was traced by swapping the lamps and keeping the same
lighting parameters. It was found that position bias was
0.003, which probably corresponds to the different per-
ceived brightness (Houser et al., 2003; Rea et al., 2011) of
left and right cabinets. SPD bias was eliminated by compar-
ing results from both adjustable cabinet positions at the
same lighting setup with o values of 0, 0.5 and 1. It was re-
ported that one luminaire was a bit too reddish and correc-
tion to green was made (D, = 0.0003). The minimal D,
step was 0.0008 and set by software with a distance less
than one MacAdam ellipse (0.0025) along the isothermal
line. Therefore, each subject performed 72 matching at-
tempts in experimental sessions that were shorter than 30
min. in order to maintain fatigue.

The second experiment was performed in a similar way to
the first one where subjects were allowed to adjust one of
the lamps in 2D space by changing the CCT in addition to
D, (Fig. 3). In contrast to the several sigma values used in
the first experiment, here the lamps were set to purely RGB
(o =1, right side) and AGB (c = 0, left side) spectral com-
positions and only AGB cluster parameters (CCT and D)
were adjusted. Twenty subjects with normal or corrected to
normal vision (13 males and 7 females with average age of
the 28 years) participated in this experiment and they were
instructed in the same way as in the first experiment, with 5
min adaptation time and the following trial attempt. The
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Fig. 4. Colour matching results of metameric (10-deg colour space) RAGB
light sources of different AGB-RGB weight parameters () with central
position of RAGB (o = 0.5) by changing Dyy. Linear trend provided for the
eye track.

fixed RGB light source was set to approximately 3000 K at
2-deg CMFs. The initial parameters (starting points) of ad-
justable AGB source were randomly selected by software
around the 3000 K RGB point. Eye and lamps biases in this
experiment were neglected, based on the data obtained from
the first experiment, and binocular vision was used.

RESULTS

The results of the first experiment are depicted in Figure 4.
Solid points represent the obtained average of the selected
D,, for each sigma value in comparison to the reference
lamp SPD (o = 0.5). All reference lamp settings (for ¢ val-
ues of 0, 0.5 or 1) and bias values were included in the re-
sulting average of relative D, shifts. The linear trend is de-
picted only for the eye track, since there is no scientific
evidence for the linear dependence. One can notice in Fig. 3
that AGB dominating metameric SPDs (c < 0.5) were set to
have positive D, which means that they appeared too pur-
plish for the subjects and were compensated by raising the
D,,- The RGB dominating metameric SPDs (c > 0.5) were
perceived in an opposite way — too greenish and were
shifted below the Planckian locus. On the other hand, re-
gardless of the D, adjustment, subjects were not satisfied
with the colour matching results, indicating that control of
single D, is not sufficient. Therefore, the second experi-
ment with 2D control was introduced.

The results of the second experiment are depicted in Figures
5 and 6. Each solid circle shows the selected colour coordi-
nates of the AGB light source matching the colour of RGB
for the single subject in the experiment. The results are de-
picted in 2-deg and 10-deg colour spaces in Figures 5 and 6,
respectively. The 3-step MacAdam ellipse in Figure 5 illus-
trates the scale of data scattering and was calculated using
the geodesic method (MacAdam, 1971). One can notice that
selected points are somehow closer to the theoretical value
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Fig. 5. Colour matching results of reference RGB (square point) and ad-
justable AGB (solid circles) light sources in 2-deg CIE 1931 colour space.
MacAdam ellipse is drawn to illustrate the theoretical colour discrimina-
tion scale.

0.420 ———————————————
»  RGB reference

AGB metamer point |
e AGB selections

—a— Planckian |
o410 L . * Planckian locus ]

0.415

0.405 - e Ce
0.400 | .

/o ¢ 1
0.395 |- “&° R

0.390

10° Colour coordinate y
[ ]
L ]
L]
2.0
\

T
L]
1

0385 A i " i 'y i i
0.425 0430 0435 0440 0445 0450 0.455 0.460
10° Colour coordinate x

Fig. 6. Colour matching results of reference RGB (square point) and ad-
justable AGB (solid circles) light sources in 10-deg CIE 1964 colour space.
Open circle is a theoretical coordinate of the metameric AGB source.

in 10-deg colour space than that in 2-deg colour space. The
calculated average distances D, were 0.0082 + 0.0027 and
0.011 + 0.0025, respectively, with a not statistically signifi-
cant p value of 0.096.

For the sake of better understanding of the difference of the
photometry of 2-deg and 10-deg CMFs, the LER of the
most common solid-state light sources were calculated for
the both CMFs and compared

Ky, gm0 780
Ry == [y Vi 09SO [V, (S

(adopted from Zukauskas, 2008). Table 1 shows that for all
of the evaluated sources the luminous efficacy was higher
when A, was used as the eye luminous efficacy function,
and that the most significant difference was in the short-
wavelength part of the spectrum. When the tetrachromatic
RAGB engine of metameric light was calibrated and ad-
justed for 10-deg colour space, the results of D, and other
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Table 1

THE COMPARISON OF THE LUMINOUS EFFICACY OF RADIA-
TION OF THE MOST COMMON LIGHT SOURCES UNDER 2-DEG
AND 10-DEG PHOTOMETRY

LED Ratio of LER . and LER,.
Royal blue (451 nm) 2.09
Blue (470 nm) 1.71
Cyan (505 nm) 1.20
6300 K 1.12
Green (518 nm) 1.08
3000 K 1.07
5300 K 1.05
3800 K 1.05
Orange (624 nm) 1.05
Red (638 nm) 1.05
2700 K 1.04
2000 K 1.04
Amber (600 nm) 1.03
pc Lime 1.03
pc Amber 1.02

photometrical/colorimetrical parameters in 2-deg colour
space appeared distorted (Table 2). Furthermore, we have to
understand that most of the photometric measures like col-
our rendering, Dy, MacAdam ellipses are calculated exclu-
sively in 2-deg colour space and cannot be obtained in
10-deg colour space case.

DISCUSSION

Recently, the metameric illumination approach is gaining
high importance for modern lighting market, where differ-
ent lighting technologies and tuneable colour lights are
brought together. In addition to the developed and widely
recognised 2-deg CIE 1931 photometry, the more accurate
10-deg CIE 1964 was proposed for colour matching appli-
cations. On the other hand, the results of our first experi-
ment (Fig. 4) suggests that the average observer should no-
tice a colour difference between metamerically adjusted
RGB and AGB light sources even if 10-deg photometry is
used. RGB dominating metameres were perceived as too
greenish, and AGB ones as too purplish. It has to be noted
that observed results were obtained for two young subjects,
who might be in the same group of human metameres (Sar-
kar et al., 2010). Furthermore, it was noticed that one di-
mensional adjustment along the isotemperature line in 10-
deg colour space was not sufficient to achieve satisfactory
matching of RGB and AGB metameres. Therefore, two di-
mensional adjustments were introduced in the second ex-
periment, and subjects were allowed to adjust mired CCT as
well as D . The experimental results depicted in Figures 5
and 6 show that subject selection was not homogeneous,
and the assumption that subjects were from different groups
of human metameres should be taken into account. Never-
theless, one can notice that quantitatively the 10-deg pho-
tometry exhibited somewhat higher accuracy and that ex-
perimental points of the AGB source were closer to that of
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Table 2

COLORIMETRIC AND PHOTOMETRIC PARAMETERS OF THE METAMERIC 10-DEG 3000 K RAGB LIGHT ENGINE CALCULATED USING

2-DEG CIE 1931 COLOUR SPACE

Metameric light | CIEx! | CIEy! |CCT (K)| Duv | dStep? |CIE Ra®|CQS Qf*|CQS Qg*| GAI® | CFI® | cSI° | cDI® | Rf’ | Rg’ | LER
source (Im/W)
(10-deg)
AGB (6 = 0) 0.4783 04173 2511 00012 14 70 75 84 39 31 0 55 75 93 348
RAGB (6=022) 04817 04131 2440 -0.0004 0.5 94 88 98 46 83 5 3 90 104 303
RAGB (6=05) 04861 04076 2350 -0.0024 2.9 61 65 111 51 19 70 1 70 113 257
RGB (o= 1) 0.4938 03983 2201 -0.0056 6.8 -5 21 122 53 5 85 1 30 117 203

! 2-deg CIE x and CIE y coordinates in CIE 1931 colour space;

2 Distance from CIE 1931 colour space Planckian locus in MacAdam ellipse steps;

3 General colour rendition index CIE Ra (Commission Internationale de 1’Eclairage, 1995);

* Colour fidelity scale with excluded saturation factor CQS Q¢ and colour gamut scale CQS Qg (Davis and Ohno, 2010);

5 Gamut area index GAI (Rea and Freyssinier-Nova, 2008);

% Statistical colour rendition indices as colour fidelity index CFI, colour saturation index CSI and colour dulling index CDI (Zukauskas et al., 2009);

7 Fidelity index Rf and gamut index Ry (David et al., 2015).

We emphasise the fact that most of the colour evaluation techniques are based on 2-deg CMFs.

the RGB reference source. This may suggest that the 10-deg
colour space is a better choice for metameric light source
description, but the wide scatter of the results and individual
properties of the human vision cannot be neglected.

Mathematical comparison of the LER of the modern light
sources under 2-deg and 10-deg photometry showed an in-
crease of LER at a wider view angle (Table 1). Some results
have shown that the highest luminous eye sensitivity is at
20-deg field of view (Hu and Houser, 2005; Anonymous,
2014), but this field is unfortunately not employed widely.
Colorimetric properties of the metameric light sources
aligned at 10-deg colour space appeared distorted since the
majority of parameters were measured in 2-deg colour
space (Table 2) and probably could lead to a fluster in the
lighting market if implemented widely.

10-deg CMFs have significant increased sensitivity in the
blue region of visual spectrum but eye lenses tend to be-
come yellowish with age (Lang, 2011) influencing the per-
ceived gamut of colours. Since the current experiments
were performed with young subjects, it does not represent
information about the possible age related effects. The vari-
ety of individual vision properties and preferences makes
the Standard Colorimetric Observer approach to have lim-
ited applicability, especially in professional lighting areas,
and indicates the need of individually adjustable lighting.

Figure 4 shows that natural lighting condition with ¢ = 0.22
(the closest experimental point of ¢ = 0.2) cannot be distin-
guished from the preferential lighting with ¢ = 0.5. In addi-
tion, Table 2 shows that transition from ¢ = 0 to ¢ = 0.5
isless noticeable from the transition o = 0.5 to o = 1, while
comparing colour quality parameters, meaning that the col-
our-dulling AGB spectrum is much “closer” to natural con-
ditions compared with the colour-saturating (RGB) spec-
trum. Saturating lighting (o > 0.5) conditions with
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dominating red LED instead of wide-spectrum amber one
was characterised by higher hue distortion and wider gamut
area of illuminated objects. Probably this is a reason for the
higher negative D, values seen in Figure 4.

CONCLUSIONS

The study of metameric light sources and their subjective
evaluation showed that perceived colour is highly depend-
ent on colour matching functions used for aligning the
metameres. The most widely used CIE 1931 2-deg CMFs
are not accurate enough for colour matching, while the CIE
1964 10-deg CMFs perform better. Individual vision prop-
erties of the subjects play a very important role in colour
matching experiments and aggravate the employment of
Standard Colorimetric Observer for precise colour applica-
tions. Implementation of individually adjustable lighting is
suggested as a solution for general and professional lighting
where non-compromise satisfactory is required. The meta-
meric light sources with low red spectral component are less
noticeably chromatically shifted from the natural lighting
than red-rich light sources. We conclude that ideal meta-
meric light sources should be developed and employed with
caution, since observers will notice the colour difference in
the narrow (2-deg) and wide field of view (> 10-deg).
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METAMERISKI GAISMAS AVOTI: JAUNI RISINAJUMI FUNKCIONALAJA APGAIMOSANA

Cietvielu fizikas tehnologiju attistiba regulgjamo gaismas avotu joma pedéjo gadu laika sniedz jaunas iesp&jas jaunu gaismas avotu izstrade.
Kolorimetrijas standartmetodes krasu metaméru spektru radiSana saskaras ar problemam, ko rada krasu neatbilstiba, ko cilvéki novéro.
Izmantojot divas regulg&jamas tetrahromatiskas (RAGB) dioZzu lampas (638 nm sarkana LED, 598 nm fosforizeta dzintara krasas LED, 518
nm zala LED, 451 nm zila LED), tika veikts krasu saskanoSanas eksperiments, lai salidzinatu metaméru krasas 10 gradu redzeslauka. Krasu
saskanoSana tika veikta, izmantojot 2 gradu (CIE 1931) un 10 gradu (CIE 1964) XYZ krasu saskanoSanas funkcijas. Krasu saskanoSanas
rezultati pierada, ka abas standarta noveérotaja krasu saskanoSanas funkcijas ir neprecizas un uztvertas krasas ieveérojami atSkiras noverotaju
starpa. Plasa atsevi$ka novérotaja datu izkliede pierada, ka standarta noverotaja krasu saskanoSanas funkciju precizitate ir ierobeZota un
atseviSkos gadijumos, it 1pasi tajos, kas skar profesionalu apgaismojuma ierikoSanu, jaapsver individuali reguléjamu metamerisku gaismas

avotu izmantoSana.

Proc. Latvian Acad. Sci., Section B, Vol. 71 (2017), No. 5.

371



